The invertible deoxyribonucleic acid (DNA) (22, 23) . The orientation of the 995-bp inversion region (which contains the H2 promoter) determines whether Hl-or H2-type flagellin is synthesized. When the inversion region is in one orientation, the H2 promoter is coupled to the H2-rhl operon (rhl encodes the Hl repressor protein), and thus H2 flagellin is made; when the orientation of the inversion region is reversed, the H2 and rhl genes are no longer transcribed, and Hl flagellin is synthesized. The inversion region is flanked by 14-bp inverted repeat sequences. These sequences are required for inversion and are the sites at which the recombination event occurs.
The invertible deoxyribonucleic acid (DNA) segment cloned from Salmonella sp. was radioactively labeled and used as a probe to search for homologous sequences by Southern hybridization. Only one copy of the invertible segment could be found on the Salmonella sp. genome. Partial sequence homology with the invertible region was detected in bacteriophage Mu and P1 DNA by lowstringency hybridization. Under these conditions, no homology was detected with Escherichia coli DNA. A strain of Salmonella sp. defective in phase variation carrying the vH2-allele was also analyzed by DNA-DNA hybridization. The results show that there is sequence divergence between diphasic and vH2-strains within the invertible sequence.
Phase variation refers to the alternate expression of Hi-and H2-type flagellar antigens in Salmonella sp. (21) . This expression has been shown to be regulated by site-specific inversion of a 995-base-pair (bp) sequence of DNA that maps adjacent to the H2 gene (22, 23) . The orientation of the 995-bp inversion region (which contains the H2 promoter) determines whether Hl-or H2-type flagellin is synthesized. When the inversion region is in one orientation, the H2 promoter is coupled to the H2-rhl operon (rhl encodes the Hl repressor protein), and thus H2 flagellin is made; when the orientation of the inversion region is reversed, the H2 and rhl genes are no longer transcribed, and Hl flagellin is synthesized. The inversion region is flanked by 14-bp inverted repeat sequences. These sequences are required for inversion and are the sites at which the recombination event occurs. Inversion is independent of the recA recombination system of Escherichia coli, but requires the presence of an intact hin gene (18) . The hin gene has been mapped within the inversion region and has been shown to encode a polypeptide which is believed to mediate the inversion event (19) .
Not all naturally occurring Salmonella species exhibit flagellar-phase variation. Iino has described a variant strain of Salmonella sp. in which the frequency of phase variation is lowered by three orders of magnitude (10) . The inability to altemate the expression of flagellin types is due to a genetic "defect," vH2-, which was found to be closely linked to H2. Kutsukake and Iino (12) recently demonstrated that hincontaining plasmids could complement the vH2-defect. This result suggests that the vH2-phenotype is due to a defect in Hin function.
The regulation of gene expression by site-specific inversion has been found in other systems besides Salmonella sp. Bacteriophages Mu and P1 contain invertible DNA regions (6, 7, 14) . In Mu the orientation of a 3,000-bp invertible DNA element, the G-loop, determines which hostspecifying functions are expressed (5, 11) . The gin gene, which maps near the G-loop, encodes a function which is required for the inversion of this element. The gin and hin gene products appear to possess close functional homology since: (i) plasmids bearing the Salmonella sp. hin gene show genetic complementation with Mu gin mutants (R. Kahmann and D. Kamp, manuscript in preparation) and (ii) the vH2-defect can be complemented in trans almost as efficiently by plasmids containing the gin gene as by plasmids carrying the hin gene (13) . Bacteriophage P1 also encodes a function which mediates the inversion of a DNA segment on its genome, the C-loop, which is homologous to the G-loop of bacteriophage Mu (6, 14) . This function in P1 is also capable of catalyzing inversion of the G-loop in Mu and the invertible region in Salmonella sp. (13) .
Besides inversion, other specific recombination events may involve Hin-like regulatory elements. It has been pointed out that the TnpR protein, which is encoded by a gene that is part of the Tn3 transposon, has considerable (34%) protein sequence homology with the hin gene product (19) . The TnpR protein and a homologous protein encoded by the -yS transposon function to resolve cointegrates of Tn3, as well as cointegrates of y8 (1, 9, 15a) . This site-specific recombination event occurs between directly repeated sequences and results in resolution of tandemly repeated structures. In addition, the TnpR protein functions as a repressor; it regulates transcription of its own gene and also of the tnpA gene, which encodes the transposase of Tn3. There appears, therefore, to be a family of genes: hin, gin, tnpR, and their homologs in yS and bacteriophage P1 that all encode functions which mediate site-specific recombination.
In view ofthe apparent widespread occurrence of Hin-like functions, it seemed reasonable to suspect that homologous elements might be present elsewhere in the Salmonella sp. genome and in other systems. In addition, we wanted to measure DNA sequence homology between hin and sequences present in Mu, P1, Tn3, and yS. The extent of homology between these different functions might reveal something about their evolutionary relationships. In this paper, we report the use of Southern hybridization to examine the DNA of Salmonella sp., E. coli, bacterophages Mu and P1, and transposons Tn3 and y8 for sequences homologous to the invertible DNA region associated with phase variation. This technique was also used to detect differences between the hin gene of a diphasic strain and the homologous DNA that was cloned from a vH2-strain.
MATERIALS AND METHODS
Bacterial strains and recombinant plasmids. The following recombinant plasmids were grown in E. coli K-12 strain C600 hsdR hsdM hag or in CSH4 hag recA: pJZ1, pJZ110, pJZ121, pJZ143, pJZ2, and pES1. The construction of all of these plasmids except pES1 has been described elsewhere (22, 23) . Most of these plasmids are diagrammed in Fig. 1 (22, 23) . ature in 50 increments. After each wash the filters were dried and exposed for a fixed time. The range of temperatures required to denature the probe from the filter-bound DNA was taken to be the melting range for the hybrid.
Enzymes and chemicals. All endonuclease restriction enzymes were obtained from Biolabs and Bethesda Research Laboratories. The restriction conditions described in their catalogs were followed. T4 DNA ligase was obtained from BRL, and their recommended ligation conditions were followed. DNA polymerase I was obtained from Boehringer Mannheim Corp. Antisera to Salmonella sp. H2 enx flagella were obtained from Burroughs Welcome Co., Green- ville, N.C.
RESULTS
Sequences in Salmonella sp. having homology with the inversion region. Southem hybridizations were performed to determine the number of copies of the inversion region in the Salmonella sp. genome. Recombinant plasmid pJZ110, containing the inversion region and adjacent sequences (Fig. 1) , was used as the DNA probe. It was radioactively labeled byanick-translation and hybridized under stringent conditions to a Southern blot containing chromosomal DNA from S. typhimurium strain SL4213 which had been digested with EcoRI restriction endonuclease. Two bands appeared on the autoradiogram: a 15.2-kilobase (kb) band and a 4.8-kb band (Fig. 2) . The 15.2-kb band was found to correspond to the cloned EcoRI fragment present on pJZ1 (Fig. 1) , which contains the inversion region and the H2 gene from SL4213 (Fig.  2, lane c) . Likewise, the 4.8-kb band was found to correspond to the cloned EcoRI fragment present on pJZ2 (Fig. 1) , which contains the Hl gene from SL4213 (Fig. 2, lane b) . To rule out the possibility that another region of homology went undetected because it was contained on an EcoRI fragment which comigrated with either the 15.2-or 4.8-kb band, the hybridization was repeated with PstI-digested SL4213 chromosomal DNA. As before, only two regions of homology were found. Moreover, identical results were obtained when pJZ2, instead of pJZ11O, was used as the probe in these hybridizations (data not shown).
To define which sequences present on pJZ110 were responsible for the observed homology with pJZ2, pJZ2 was radioactively labeled and hybridized to a Southem blot containing pJZ11O DNA fragments (Fig. 3) . The autoradiogram shows that only sequences to the right side of the inversion (sequences within the H2 gene) had homology with pJZ2. The fragments which showed hybridization with pJZ2, the 630-bp and 490-bp fragments from the HpaII digestion ( Fig.   A 3, lane C) and the 490-bp and 450-bp fragments from the HaelII digestion (Fig. 3, lane D) , were the only ones that contained sequences within the H2 flagellin gene. The other bands, which contained sequences corresponding to the inversion region, showed no hybridization. Thus, no homology with the inversion region was detected in the 4.8-kb fragment containing the HI gene.
To see whether any other hin-related sequences were present in Salmonella, but were not detected by high-stringency hybridization, a series of hybridizations was carried out at lower temperatures. The results (data not shown) indicated that even under our lowest stringency conditions (450C), no additional regions of spe- The following experiment was designed to see whether homology could be detected between the hin gene region, cloned from SL4213 (a diphasic Salmonella sp. strain), and SL4013 (a vH2-strain). Two hin-containing plasmids, pJZ121 and pJZ143 (Fig. 1) , were radioactively labeled and hybridized under stringent conditions to blots containing fragments from SL4013. pJZ121 carried the 300-bp sequence of pJZ11O on either side of the hin region, whereas pJZ143 carried the 450-bp sequence of pJZ110 on either side of the hin region (Fig. 1) (Fig. 4) . However, since the sizes of these HpaII fragments from SL4013 were different from the sizes of the Hpall fragments from SL4213 that spanned the inversion region (Fig. 5) , the invertible DNA regions from these two strains must also contain some divergent sequences.
The hin gene region from the vH2-strain was cloned to study it in more detail. A 20-kb BamHI restriction fragment from SL4013 carrying the H2 gene and adjacent DNA sequences was cloned onto the plasmid vehicle pMK2004 by the procedure previously described by Zieg et al. (23) . The recombinant plasmid was named pES1. All of the sequences demonstrating homology with the inversion region cloned from SL4213 were found to be present on pES1. Furthermore, pES1 was found to be stable in recA hag strains of E. coli; plasmids propagated in these strains remained either in the H2"n or the H2"f state. On the other hand, when the plasmids were propagated in Rec+ hag strains (e.g., C600 hag), they were unstable, and switching between H2off and H20" could be easily detected. We conclude that the recA gene product could mediate switching. This suggests that the inverted repeat sequences involved in site-specific recombination were maintained in vH2-and only the hin function was defective.
The following experiment was designed to study the extent of homology between pESl and the hin gene in SL4213. pESi was radioactively labeled and hybridized under conditions of reduced stringency (55°C) to a blot containing various restriction fragments from pJZ121 spanning the inversion region. The results (Fig. 5,  lanes D through F) show that pES1 DNA hybridized to all of the fragments from pJZ121. These blots were washed at high temperatures to see whether any of the hybrids containing pESl DNA would denature before the control (and thus indicate mismatch). Although most of the pES1-pJZ121 DNA hybrids appeared to melt identically with the control (at -95°C), two hybrids, one formed between pESi DNA and the 120-bp HpaII fragment and another formed between pESl DNA and the 90-bp HpaII-HaeII fragment, melted at a lower temperature (-90°C). The two bands representing these hybrids are indicated by arrows on the autoradiogram in Fig. 5 (lanes D and F) ; these fragments map within the hin gene.
The reverse hybridization was also done, i.e., the HpaII restriction fragments from pJZ121, radioactively labeled by reaction with polynucleotide kinase and [y-32P]ATP, were hybridized under stringent conditions to blots containing HpaII-digested pESl DNA. The following results were obtained with the pJZ121 DNA probes containing hin gene sequences: the 190-bp HpaII fragment from pJZ121 hybridized to the 150-bp HpaII fragment from pES1, and the 120-bp HpaII fragment from pJZ121 did not hybridize to any of the pESl HpaII restriction fragments. Thus, these results together suggest that there is sequence divergence between the inversion region in vH2-and the diphasic strain. At least some of this divergence occurs within DNA sequences encoding hin.
Homology with other systems. It is clear from genetic complementation studies that the hin gene product of Salmonella sp. and the gin gene product of bacteriophage Mu are able to reciprocally catalyze site-specific inversion. In addition, bacteriophage P1 contains a homologous inversion function. Although it is not known whether TnpR protein of Tn3 or yS and the Hin protein have such close functional homology, an evolutionary relationship is apparent from the similarities in their protein sequences (19) . We wanted to see whether the relationship (Fig. 6) . The 10-kb HindIII fragment and the 13-kb EcoRI fragment which hybridized to the probe both contain the G-loop and the gin gene region of Mu. When the temperature of hybridization was lowered even further to 500C, homology with the 15-kb EcoRI fragment of bacteriophage P1 was observed (Fig. 6) . This is the same fragment that carries the C-loop and the inversion function of P1 (2, 13 
